Candida albicans is the most frequently isolated human fungal pathogen and can cause a range of mucosal and systemic infections in immunocompromised individuals. Morphogenesis, the ability to undergo a reversible transition from budding yeast to elongated filaments, is an essential virulence trait. The yeast-to-filament transition is associated with expression of genes specifically important for filamentation as well as other virulence-related processes, and is controlled, in part, by the key transcriptional regulators Nrg1 and Ume6. Both of these regulators are themselves controlled at the transcriptional level by filament-inducing environmental cues, although little is known about how this process occurs. In order to address this question and determine whether environmental signals regulate transcription of UME6 and NRG1 via distinct and/or common promoter elements, we performed promoter deletion analyses. Strains bearing promoter deletion constructs were induced to form filaments in YEPD plus 10% serum at 37°C, Spider medium (nitrogen and carbon starvation) and/or Lee's medium pH 6.8 (neutral pH) and reporter gene expression was measured. In the NRG1 promoter we identified several distinct condition-specific response elements for YEPD plus 10% serum at 37°C and Spider medium. In the UME6 promoter we also identified response elements for YEPD plus 10% serum at 37°C. While a few of these elements are distinct, others overlap with those which respond to Lee's pH 6.8 medium. Consistent with UME6 possessing a very long 5' UTR, many response elements in the UME6 promoter are located significantly upstream from the coding sequence. Our data indicate that certain distinct condition-specific elements can control expression of C. albicans UME6 and NRG1 in response to key filamentinducing environmental cues. Because C. albicans encounters a variety of host microenvironments during infection, our results suggest that UME6 and NRG1 expression can be differentially modulated by multiple signaling pathways to control filamentation and virulence in vivo.
Introduction
Candida albicans is an opportunistic human fungal pathogen and a significant cause of disease in immunocompromised individuals such as AIDS patients, organ transplant recipients and cancer patients on chemotherapy [1] [2] [3] [4] . It is estimated that 70% of women will experience at least one episode of vulvovaginal candidiasis in their lifetime [5, 6] . In addition to cutaneous and mucosal infections, C. albicans can disseminate and cause life-threatening, systemic infections [1, 7] . With a mortality rate of~40%, Candida species are the fourth leading cause of hospital-acquired bloodstream infections in the U.S. [8, 9] .
While several traits contribute to the pathogenesis of C. albicans, morphogenesis, the ability to transition between oval-shaped budding yeast cells and filaments (elongated cells attached end-to-end), is an essential virulence property of this organism [1, 7, 10] . Filamentation plays an important role in tissue invasion, cell damage, biofilm formation, thigmotropism as well as the ability to escape from and lyse macrophages [11] [12] [13] [14] [15] [16] [17] . Furthermore, genes involved in the physical process of filamentous growth are co-regulated with genes important for other virulence processes, including adhesion and degradation of host cell membranes [18, 19] . Several previous studies have clearly demonstrated that the ability of C. albicans to undergo a reversible transition from yeast to filaments is required for virulence in a mouse model of systemic candidiasis [13, 15, [20] [21] [22] [23] [24] .
A variety of host environmental cues are known to trigger the C. albicans yeast-to-filament transition, including 37°C, serum, human hormones, starvation and neutral pH [25] [26] [27] . These host conditions activate signal transduction pathways (eg: MAP kinase and cAMP-PKA pathways) resulting in the induction of filament-specific genes [28] . Several C. albicans transcriptional regulators are known to play critical roles in this process. Importantly, two of these regulators, Nrg1 and Ume6, are themselves controlled at the transcriptional level by filamentinducing conditions. Nrg1, a zinc finger DNA-binding protein, functions (via recruitment of the Tup1 corepressor) as a key transcriptional repressor of filament-specific genes under nonfilament-inducing conditions [21, 22] . In the presence of certain filament-inducing conditions (eg: growth in serum at 37°C) the NRG1 transcript is down-regulated, causing the expression of filament-specific genes. In addition, the Nrg1 repressor is transiently displaced from hyphalspecific promoters via activation of the cAMP-PKA pathway in the presence of serum at 37°C [29] . The nrg1Δ/Δ mutant is avirulent and constitutive high-level expression of NRG1 has also been shown to block the yeast-to-filament transition, leading to highly attenuated virulence in a mouse model of systemic candidiasis [15, 21, 22] .
Ume6, also a zinc finger DNA-binding protein, is a filament-specific transcriptional regulator that is required for hyphal extension [30] . A variety of different environmental filamentinducing conditions, including growth at 37°C in the presence of serum, Spider medium and Lee's medium, pH 6.8 (neutral pH), are known to induce the UME6 transcript. UME6 is also a downstream target of multiple filamentous growth transcriptional regulators [31] . Both the level and duration of UME6 expression are important for determining C. albicans morphology and Ume6 protein stability is controlled by both oxygen-and CO 2 -sensing pathways [24, 32] . The ume6Δ/Δ mutant is attenuated for virulence and constitutive high-level expression of UME6 increases hyphal formation in vivo and is sufficient to promote virulence in a mouse model of systemic candidiasis [24, 30] . We have previously shown that both NRG1 and UME6 function together in a feedback loop to promote filament-specific gene expression in the presence of strong filament-inducing conditions [30] .
While the critical roles that both UME6 and NRG1 play in regulating both the C. albicans yeast-filament transition and virulence have been well-characterized, considerably less is known about the exact mechanism(s) by which host environmental signals control expression of these key regulators at the transcriptional level. In this study we characterize the promoters of both NRG1 and UME6 and identify elements that respond to specific filament-inducing conditions. We also determine the extent to which these elements and, by inference, the upstream signaling pathways which target these elements, overlap. Overall, our results provide new and important information about how environmental cues, similar to those encountered in the host, regulate the expression of two key transcription factors that govern filamentation and virulence in the major human fungal pathogen C. albicans.
Materials and Methods

Media and growth conditions
YEPD (yeast-extract peptone dextrose) medium at 30°C was used as a standard non-filamentinducing condition [33] . Preparation of Spider and Lee's media were performed as described previously [34, 35] . Induction of filamentation by growth in YEPD + 10% serum at 37°C, Spider medium at 30°C and Lee's medium pH 6.8 at 30°C was conducted as described previously [30] with modifications. Strains were grown overnight in YEPD at 30°C to OD 600~4 .0 and then diluted 1:10 into pre-warmed YEPD + 10% serum at 37°C and 1:20 into Spider medium at 30°C. For Lee's medium inductions, 10 mL of an overnight culture of cells grown in YEPD at 30°C was centrifuged, washed and resuspended in 5 mL 1X PBS. 2.5 mL of this cell suspension was inoculated into pre-warmed Lee's pH 6.8 or Lee's pH 4.5 medium at 30°C. Cells were harvested 30 minutes following induction in serum medium at 37°C, 6 hours following induction in Spider medium at 30°C and 1 hour following induction in Lee's pH 6.8 medium for total RNA isolation. To determine the effect of farnesol on lacZ reporter gene expression, strains were grown overnight in YEPD medium at 30°C to OD 600~4 .0. Cells were then diluted 1:10 into pre-warmed YEPD at 30°C in the presence and absence of 40 μM farnesol (Sigma-Aldrich; St. Louis, MO). Aliquots of cells were harvested from both the initial overnight culture as well as the diluted cultures (30 minutes following dilution) for RNA extraction.
Strain and DNA constructions
NRG1 promoter deletion strains were constructed as follows: varying regions of the NRG1 upstream intergenic region were amplified by PCR from C. albicans SC5314 genomic DNA using primers 1-16 (please see S1 Table and S2 Table for complete listings of strains and primers, respectively, used in this study). PCR products were digested with PstI-XhoI and cloned into plasmid placbasal [36] . The resulting promoter fragment-placbasal constructs were linearized at RPS1 by digestion with StuI and transformed into strain CAI4 to generate the NRG1 promoter deletion strains. The pUME6 4.9-7 kb UR-lac, pUME6 4.9-6 kb UR-lac, pUME6 4-6 kb UR-lac and pUME6 3-6 kb UR-lac plasmids were constructed as follows: each respective region of the UME6 upstream intergenic region was amplified by PCR using primers 20, 21, and 27-29. PCR products were digested with PstI-SphI and cloned into plasmid placbasal. To generate the 5.5 kb and 5 kb UME6 promoter deletion strains, regions from -1 bp to -2541 bp, -632 bp to -5494 bp and -632 bp to -4976 bp were amplified by PCR with primer sets 17/19, 24/25 and 25/26, respectively. All three fragments were digested with PstI-HindIII and cloned separately into pBS [37] . The -1 bp to -2077 bp fragment was released from pBS by digesting with HindIII-SphI and the -2077 bp to -5494 bp and -2077 bp to -4976 bp fragments were released from pBS by digesting with PstIHindIII. A 3-piece ligation was used to clone the -1 bp to -2077 bp fragment and -2077 bp to -5495 bp fragment into plasmid placbasal to generate the pUME6 5.5 kb UR-lac plasmid. This method was also used to clone the -1 bp to -2077 bp fragment and -2077 bp to -4976 bp fragment into plasmid placbasal to generate the pUME6 5 kb UR-lac plasmid. The pUME6 7 kb UR-lac plasmid was constructed by amplifying the following fragments by PCR: -1801 bp to -5824 bp with primers 18/23 and -5491 bp to -7009 bp with primers 21/22. The -1 bp to -2077 bp fragment was prepared as described above. The fragment from -1801 bp to -5824 bp was digested with XhoIHindIII and cloned into pBS and the fragment from -5491 bp to -7009 bp was digested with PstI-XhoI and cloned into pBS separately. The fragments from -2077 bp to -5808 bp and from -5808 bp to -7009 bp were released from pBS by XhoI-HindIII and PstI-XhoI digests, respectively. A 4-piece ligation was used to clone the three fragments generated above into placbasal to create plasmid pUME6 7 kb UR-lac. Plasmid pUME6 6kb UR-lac has been described previously [38] . All UME6 promoter deletion plasmids and the plac plasmid were linearized at RPS1 by digestion with StuI and transformed into strain CAI4 to generate the UME6 promoter deletion strains. All promoter fragments were sequenced prior to transformation into strain CAI4. Integration events were confirmed by whole-cell PCR using primers which flank the integration sites.
RNA preparation
RNA for qRT-PCR analysis was prepared as described previously [38] .
Quantitative RT-PCR analysis cDNA for qRT-PCR analysis was prepared from total RNA as described previously [38] , except that DNase from Life Technologies, Inc. (Carlsbad, CA) was used. qRT-PCR analysis was performed as described previously [38] using primer pairs 30/31 for lacZ and 32/33 for ACT1 with an annealing temperature of 57.4°C. The Pfaffl method was used to normalize expression levels of lacZ to those of an internal ACT1 control [39] . All qRT-PCR reactions were performed in biological duplicate and technical duplicate. Values shown indicate mean ± SEM.
Results
Defining the NRG1 and UME6 promoter regions
In order to identify the NRG1 promoter, we cloned 902 bp, 2.1 kb and 2.9 kb fragments of the NRG1 upstream intergenic region in a Streptococcus thermophilus lacZ reporter construct [36] which was subsequently integrated at the C. albicans RPS1 locus. Each strain was grown under both non-filament-inducing (YEPD at 30°C) as well as strong filament-inducing (YEPD plus 10% serum at 37°C) conditions. We observed the strongest level of lacZ down-regulation (8-fold) in response to filament induction with the strain containing the 2.9 kb NRG1 upstream intergenic region reporter construct (Fig. 1A ). This level of NRG1 down-regulation was similar, if not slightly greater than, that observed with the natural transcript upon serum and temperature induction [18, 40] . In addition, an in silico analysis of the NRG1 3 kb upstream region using Transcription Element Search Software (www.cbil.upenn.edu/cgi-bin/tess/tess) (default parameters) [41] identified two putative binding sites each for Rim101, a pH-responsive transcriptional regulator of filamentous growth, and Cph1, a regulator of C. albicans mating and morphogenesis. Previous studies have also identified binding sites in this region for other transcriptional regulators of morphogenesis including Ndt80 and Efg1 [42, 43] . Taken together, these results suggest that the NRG1 promoter is located within the 2.9 kb upstream region. We have recently demonstrated that a 6 kb UME6 upstream region is required for C. albicans filamentation in response to serum at 37°C [38] . In addition, a fragment containing this region was sufficient to direct strong activation of the heterologous S. theromphilus lacZ reporter in response to growth in serum at 37°C. These results suggested that critical UME6 promoter elements are located in this region. However, to ensure that we did not overlook important, but non-essential UME6 promoter elements, we conducted an in silico analysis (as described above) for 7 kb of the UME6 upstream intergenic region and identified putative binding sites for a variety of key C. albicans filamentous growth transcriptional regulators including Rim101, Cph1 and Fkh2. Results of this analysis are consistent with those of a previous study showing that cph1Δ/Δ and fkh2Δ/Δ deletion strains are defective for UME6 induction in response to hyphal-inducing conditions [31] . Previous studies using ChIP-Chip and DNA tiling array analysis have also described binding sites for Ndt80, Efg1, Nrg1, Brg1 and Hms1 in the UME6 upstream region [42] [43] [44] [45] . Importantly, several of the binding sites were located in the 6 to 7 kb UME6 upstream region. In addition, a number of the factors which bind to these sites have been shown to control UME6 expression [30, 31, 44, 45] . We have also recently demonstrated that the UME6 transcript has an exceptionally long 3 kb 5' UTR which functions in translational inhibition [38] . These previous results, combined with our in silico analysis, suggest that the UME6 promoter is located in the 7 kb upstream region.
Identification of filament condition-specific response elements in the NRG1 promoter
In order to determine which elements in the NRG1 promoter are important for controlling expression in response to specific filament-inducing conditions, we conducted a promoter deletion analysis. Various deletions of the NRG1 promoter were fused to a S. thermophilus lacZ reporter [36] and integrated at the C. albicans RPS1 locus. lacZ expression was measured using qRT-PCR Fig 1. Deletion analysis of the NRG1 promoter identifies specific response elements for serum at 37°C and Spider. Strains bearing the indicated NRG1 promoter-lacZ reporter constructs were grown under both non-filament-inducing (YEPD at 30°C) and filament-inducing (YEPD + 10% serum at 37°C or Spider at 30°C) conditions. Cells were harvested from both non-inducing and filament-inducing cultures for total RNA isolation and cDNA synthesis. under both non-inducing conditions (YEPD at 30°C) as well as several known filament-inducing conditions. Time points used to harvest cells for each filament-inducing condition used in the deletion analyses described in this study were specifically chosen to observe maximal transcriptional effects (ie: NRG1 down-regulation and UME6 induction) based on pilot experiments.
To examine the response to serum and temperature, strains carrying NRG1 promoter deletions were induced to form filaments in YEPD + 10% serum at 37°C. As noted previously, we observed~8-fold down-regulation of lacZ expression in the reporter strain carrying the fulllength -2.9 kb NRG1 promoter fragment in response to growth in serum at 37°C (Fig. 1A) . In general, 5' deletions of the NRG1 promoter to the -122 bp position caused mild reductions in the level of down-regulation. Deletion of the -362 bp to -122 bp region led to a significant decline in lacZ down-regulation suggesting the presence of a serum and temperature responsive negative element. However, a deletion from -122 bp to -74 bp led to enhanced lacZ repression in response to 37°C + serum, indicating that the deleted sequence may contain a positive element. Importantly, -74 bp of the NRG1 promoter was the minimum region necessary to downregulate the lacZ reporter in response to 37°C + serum. The -50 bp promoter did not drive basal lacZ expression under non-inducing conditions, which suggested that the region from -50 bp to -74 bp contains a negative response element. We also determined, using 5' and 3' NRG1 promoter deletion constructs, that the region between -883 bp and -1.5 kb contains another key temperature-and serum-responsive negative element (Fig. 1A) .
In order to identify elements important for down-regulation of NRG1 in response to nitrogen and carbon starvation, strains bearing NRG1 promoter deletion constructs were induced to form filaments in Spider medium at 30°C. These strains were also grown under non-inducing conditions, YEPD at 30°C, as a control. We observed that the full-length 2.9 kb NRG1 promoter down-regulated lacZ expression~3.3-fold in response to growth in Spider medium at 6 hrs. (Fig. 1B) . Spider is a weaker filament-inducing condition and the 6 hr. time point was chosen for further analysis because the greatest NRG1 down-regulation was observed at this postinduction time point. While a 5' deletion containing 2.1 kb of the NRG1 promoter directed 2.1-fold lacZ down-regulation, additional 5' promoter deletions were unable to significantly reduce lacZ expression. We next used 3' NRG1 promoter deletion strains to further localize elements important for NRG1 down-regulation in response to Spider medium (Fig. 1B) . The region from -883 bp to -2.5 kb down-regulated lacZ expression~6.1-fold. However, other promoter deletion constructs in that region (-883 bp to -2.1 kb and -883 bp to -1.5 kb) did not significantly down-regulate lacZ expression. Interestingly, we also observed that the -2.5 kb to -2.9 kb region was sufficient to direct > 2-fold lacZ down-regulation. Taken together, these results suggest that the NRG1 promoter region from -2.1 kb to -2.9 kb contains two Spider condition-specific negative elements; the first element is located between -2.1 kb and -2.5 kb and the second element is between -2.5 kb and -2.9 kb.
Response of the NRG1 promoter to hyphal shock
We have previously described a "hyphal shock" phenomenon whereby C. albicans cells can be induced to form filaments when diluted from a saturated overnight culture into non-inducing media, such as YEPD at 30°C [18] . In our reporter assays we routinely harvest cells for RNA preparation prior to induction at the zero hour time point to examine for this effect. Interestingly, while the full-length NRG1 promoter did not show down-regulation in response to dilution in YEPD at 30°C, we did observe that certain NRG1 promoter deletion constructs showed down-regulation of lacZ expression at 30 minutes growth in YEPD at 30°C following dilution from the zero time point overnight culture (Fig. 2) . Because hyphal shock is believed to be mediated by farnesol, a quorum-sensing molecule that has specifically been shown to control Nrg1 protein stability [46] , we decided to further investigate this phenomenon and define "hyphal shock"-sensitive regions within the NRG1 promoter. Unlike the full-length 2.9 kb NRG1 promoter reporter, we observed that the -883 bp to -2.9 kb NRG1 promoter deletion reporter was particularly sensitive to dilution into fresh YEPD, resulting in~7-fold down-regulation of lacZ. This finding suggested that the -1 bp to -883 bp region is important for activation of NRG1 in response to hyphal shock. In contrast, both the -1.9 kb to -2.9 kb and -2.5 kb to -2.9 kb fragments directed~2-4-fold lacZ down-regulation when cells were diluted in fresh medium, suggesting that the -883 bp to -1.9 bp and -2.5 kb to -2.9 kb regions are important for repression of NRG1 in response to hyphal shock.
As discussed above, one hypothesis is that C. albicans filamentation which occurs during hyphal shock is the result of a rapid release from filament inhibition by quorum-sensing molecules, such as farnesol [47] . Farnesol inhibits cAMP signaling, thus favoring yeast growth [29, 48] . Dilution of cells at higher optical densities into fresh media would also dilute overall levels of farnesol and other small molecules. We speculated that the sudden loss of farnesol-mediated inhibition of the cAMP pathway might affect transcript levels directed by the NRG1 promoter. In order to test this hypothesis, strains carrying NRG1 promoter deletions were grown overnight in YEPD at 30°C and diluted into fresh YEPD at 30°C in the presence and absence of 40 μM farnesol. Cells were harvested following 30 minutes growth for total RNA isolation. Interestingly, we observed that growth in farnesol did not prevent down-regulation of lacZ expression directed by the NRG1 promoter deletion constructs (Fig. 2) . These results suggest that farnesol-mediated inhibition of the cAMP pathway does not play an important role in regulating the NRG1 promoter response to hyphal shock.
Identification of filament condition-specific regulatory regions in the UME6 promoter Similar to NRG1, UME6 also encodes a transcription factor which itself is controlled at the transcriptional level by filament-inducing conditions [30, 31] . In order to identify DNA elements in the UME6 promoter important for filament condition-specific control, various UME6 promoter deletions were fused to a lacZ reporter and integrated at the C. albicans RPS1 locus. We examined lacZ expression of these strains using qRT-PCR when cells were grown under several known filament-inducing conditions.
We first sought to identify UME6 promoter elements important for transcriptional induction in response to growth in 10% serum at 37°C. Cells were harvested 30 minutes following filament induction under these conditions and total RNA was prepared for qRT-PCR analysis. We previously observed that a 6 kb UME6 promoter fragment directed strong (~27-fold) induction of lacZ expression in response to serum and temperature [38] . Interestingly, increasing the UME6 promoter length to 7 kb reduced lacZ up-regulation to~8-fold, suggesting that this region contains a serum and temperature-responsive negative element (Fig. 3) . A 5' UME6   Fig 3. Deletion analysis of the UME6 promoter identifies condition-specific response elements. Strains bearing the indicated UME6 promoter-lacZ reporter constructs were grown under non-inducing conditions (YEPD at 30°C for the serum and temperature induction experiment and Lee's pH 4.5 medium for the neutral pH induction experiment) and the indicated filament-inducing conditions. Cells were harvested (at 30 minutes for the serum and temperature induction experiment and at 1 hour for the neutral pH induction experiment) for total RNA isolation and cDNA synthesis. lacZ expression values were determined by qRT-PCR and normalized to ACT1 levels. Fold up-regulation of lacZ was determined by dividing normalized lacZ values from cells induced to form filaments under each filament-inducing condition by normalized lacZ values from cells grown under non-filament inducing conditions. Please note that the fold lacZ up-regulation value for the-6.0 kb UME6 promoter construct in 37°C + serum has been reported previously [38] . promoter deletion analysis indicated that lacZ induction was abolished in the strain expressing the 5.0 kb, but not the 5.5 kb UME6 promoter construct, suggesting that this region is required for the serum and temperature response. In addition, induction was decreased in the strain expressing the 5.5 kb vs. 6.0 kb UME6 promoter indicating the presence of a positive response element in this region. We also examined the response of 3' UME6 promoter deletions during a serum and temperature induction. A deletion strain bearing -4.0 kb to -6.0 kb of the UME6 promoter generated a low level induction of lacZ (~5-fold) (Fig. 3 ). An additional deletion of the -4 kb to -4.9 kb region resulted in~40-fold up-regulation of lacZ expression. This result suggests that the -4 kb to -4.9 kb UME6 promoter region contains a negative element for serum and temperature. Finally, the -3.0 kb to -6.0 kb region showed greater induction compared to the -4.0 kb to -6.0 kb region suggesting the presence of a serum-and temperature-responsive positive element between -3.0 kb and -4.0 kb.
In order to identify neutral pH responsive UME6 promoter elements, strains carrying UME6 promoter deletions were induced to form filaments in Lee's pH 6.8 at 30°C (Lee's pH 4.5 at 30°C was used as a non-inducing control). Cells were harvested 1 hour following induction for total RNA isolation and qRT-PCR analysis. We observed~14-fold lacZ induction with both the 7 kb and 6 kb UME6 promoters (Fig. 3) . Interestingly, lacZ was not induced by the 5.5 kb promoter, suggesting that the -5.5 kb to -6 kb region is necessary for lacZ up-regulation in response to neutral pH. We also observed mild lacZ induction with the -4.9 kb to -7 kb and -4.9 kb to -6 kb UME6 promoter deletions. In contrast to our previous observations regarding the UME6 promoter element response to serum and temperature, the -4.0 kb to -6.0 kb and -3.0 kb to -6.0 kb deletions led to significantly increased lacZ induction in response to neutral pH compared to the other 3' UME6 promoter deletions. These results suggest the presence of a positive neutral pH response element in the -4.0 kb to -4.9 kb promoter region (Fig. 3) . Overall, our results suggest that specific regions of the UME6 promoter control responses to serum at 37°C and neutral pH.
Discussion
Nrg1 and Ume6 represent key transcriptional regulators of the C. albicans yeast-filament transition which function together in a feedback loop under filament-inducing conditions and are themselves transcriptionally controlled [21, 22, 30, 31] . Characterization of the NRG1 and UME6 promoter regions and identification of elements in these regions which respond to specific filament-inducing conditions (Fig. 4) therefore represents an important step in determining how various C. albicans filamentous growth signaling pathways ultimately control the yeast-filament transition and virulence at the transcriptional level. In the case of the NRG1 promoter, we have identified a key serum and temperature-responsive repressor element in the -883 bp and -1.5 kb region. This region also contains potential binding sites for Ndt80 and Efg1 (Fig. 4) . Efg1, important for induction of filament-specific gene expression in response to serum and temperature, is a downstream target of the cAMP/PKA pathway [49] [50] [51] . Efg1 has also previously been shown to be specifically important for down-regulation of the NRG1 transcript under these conditions [21] . However, we cannot exclude the possibility that additional transcriptional regulators, which have not yet been identified, also function to down-regulate NRG1 via the -1.5 kb to -883 bp or -74 bp to -50 bp regions. This is especially the case for the later region since potential binding sites for known C. albicans transcription factors were not identified in this region by our in silico analysis (Fig. 4) . Similarly, the in silico analysis did not identify potential binding sites for known transcription factors in the Spider responsive elements, suggesting that down-regulation of NRG1 under this condition most likely occurs via regulators which are currently uncharacterized.
While numerous attempts were made to identify pH-responsive elements that control NRG1 expression, we were unable to detect down-regulation of the full-length NRG1 promoter-S. thermophilus lacZ reporter in α-MEM pH 7.4, as previously reported [53] , or in Lee's medium, pH 6.8 (data not shown). Although our in silico analysis identified two potential Rim101 binding sites within the NRG1 promoter (Fig. 4) , previous work has suggested that NRG1 and RIM101 function in independent pathways [54] . One possible explanation is that additional elements located greater than 2.9 kb upstream of the start codon are required for NRG1 down-regulation in response to neutral pH. Alternatively, secondary structure of the native chromatin at the NRG1 locus, which our reporter does not replicate, may also play an important role in pH regulation of NRG1 transcription.
This study is the first to identify DNA elements important for the ability of C. albicans to regulate gene expression in response to hyphal shock which has previously been shown to induce filamentation [18, 47] . Our finding that farnesol fails to down-regulate the NRG1 promoter is consistent with previous studies indicating that NRG1 transcript expression and down- Summary of filament condition-specific response regions in the NRG1 and UME6 promoters. Schematic representation of the NRG1 and UME6 promoters showing specific regions important for responding to the indicated filament-inducing conditions. For each promoter, putative transcription factor binding sites identified by Transcription Element Search Software (TESS, (www.cbil.upenn.edu/cgi-bin/tess/tess, default parameters [41] ) (Rim101, Cph1 and Fkh2) and by previous studies (Nrg1) [44] are shown. Transcription factor binding sites identified in previous studies by ChIP-Chip and DNA tiling array analysis (Brg1, Hms1, Efg1 and Ndt80) are also included [42] [43] [44] [45] . Please note that S. cerevisiae consensus binding sequences for orthologs of Fkh2 and Cph1 were used in our analysis; Forkhead protein binding sites are well-conserved among eukaryotes [52] . Numbers indicate position (in kb) upstream from the start codon. Note: not drawn exactly to scale. doi:10.1371/journal.pone.0122775.g004 regulation are not affected by this quorum-sensing molecule [46, 55] . Interestingly, however, a recent study has shown that farnesol blocks degradation of the Nrg1 protein, leading to yeast growth [46] . At this point we cannot exclude the possibility that other quorum-sensing molecules may play an important role in the hyphal shock transcriptional response at the NRG1 promoter. In addition, since hyphal shock was induced by diluting late log phase cultures into fresh nutrient-rich medium, signaling pathways involved in nutrient sensing, such as Tor, might also be involved in this process.
Several of our findings regarding regulatory regions in the UME6 promoter are also consistent with the location of known filamentous growth transcriptional regulator binding sites. More specifically, we have identified the -4.0 kb to -4.9 kb region as containing a key serum and temperature responsive negative element and this region has multiple predicted Nrg1 binding sites at~-4800 bp that might contribute towards the observed transcriptional repression [44] . This observation is consistent with our previous finding that UME6 is under negative control by Nrg1 [30] . In addition, the -5 kb to -5.5 kb UME6 promoter region required for induction contains a Brg1 binding site at~-5.3 kb [44] . Brg1 has previously been shown to be required for UME6 expression during growth in YEPD at 37°C with rapamycin [44] . While there are several predicted Rim101 binding sites throughout the UME6 promoter, none of these sites are located in the -5.5 kb to -6 kb or -4.0 to -4.9 kb neutral pH response regions. It is possible that other pH-responsive transcription factors, which have not yet been identified, may be controlling UME6 expression through these elements.
One limitation of our study is that growth in YEPD at 30°C, a non-physiological temperature, was used as a non-filament-inducing condition. We chose to use YEPD at 30°C as the non-inducing condition because growth in YEPD at 37°C causes mild filamentation as well as transcriptional effects, such as induction of UME6, that could significantly blunt the sensitivity of our assay [18, 30] . However, a limitation of this approach is that we cannot exclude the possibility that our observed results are due to a temperature shift rather than specific changes in UME6 or NRG1 expression.
It is important to bear in mind that C. albicans filamentation and the expression of Nrg1 and Ume6 are controlled at multiple levels. As previously mentioned, Nrg1 is regulated at the level of protein stability in response to farnesol [46] . An anti-sense mRNA stability mechanism is also known to control NRG1 [56] . In addition, we have recently shown that UME6 expression is inhibited by a 5' UTR-mediated translational efficiency mechanism [38] and another recent report indicates that Ume6 protein levels are synergistically stabilized by hypoxia and high CO 2 [32] . In this study, we provide new information specifically regarding the transcriptional control of these important C. albicans filamentous growth regulators. Our identification of distinct filament condition-specific response elements in both the NRG1 and UME6 promoters suggests that a complex array of multiple filamentous growth signaling pathways either directly or indirectly target these key regulators. While several signaling pathways have been previously characterized, additional pathways remain unknown and it is hoped that future studies will shed more light in this area.
Conclusions
Nrg1 and Ume6 are key transcriptional regulators of filament-specific gene expression and virulence in C. albicans. However, mechanisms controlling the expression of these regulators in response to filament-inducing conditions are poorly understood. In this study, we have identified several condition-specific response elements within the NRG1 and UME6 promoters for some of the most commonly investigated filament-inducing conditions, including growth in serum at 37°C, Spider medium (nitrogen and carbon starvation) and neutral pH (summarized in Fig. 4) . Several of these elements contain predicted binding sites for known transcriptional regulators of filamentation which have been shown to be important for controlling NRG1 and/ or UME6 expression. Other response elements appear to be targeted by signaling pathways and/or transcriptional regulators which have not yet been fully characterized. Overall, because C. albicans encounters a variety of microenvironments during infection that can promote or inhibit filamentation, our results suggest that UME6 and NRG1 transcripts can be differentially modulated by multiple signaling pathways which respond to host environmental cues. This modulation, in turn, could potentially affect virulence and morphology determination in a niche-specific manner in vivo.
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